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The RTR complex as caretaker of genome stability and its 
unique meiotic function in plants 



The RTR complex consisting of a RecQ helicase, a type lA topoisomerase and tine structural 
protein RMI1 is involved in the processing of DNA recombination intermediates in all 
eukaryotes. In Arabidopsis thaliana the complex partners RECQ4A, topoisomerase 3a and 
RMI1 have been shown to be involved in DNA repair and in the suppression of homologous 
recombination in somatic cells. Interestingly, mutants of AtT0P3A and AtRMIl are also 
sterile due to extensive chromosome breakage in meiosis I, a phenotype that seems to 
be specific for plants. Although both proteins are essential for meiotic recombination it is 
still elusive on what kind of intermediates they are acting on. Recent data indicate that the 
pattern of non-crossover (NCO)-associated meiotic gene conversion (GC) differs between 
plants and other eukaryotes, as less NCOs in comparison to crossovers (CO) could be 
detected in Arabidopsis. This indicates that NCOs happen either more rarely in plants or 
that the conversion tract length is significantly shorter than in other organisms. As the 
T0P3a/RMI1-mediated dissolution of recombination intermediates results exclusively in 
NCOs, we suggest that the peculiar GC pattern found in plants is connected to the unique 
role, members of the RTR complex play in plant meiosis. 
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INTRODUCTION 

The processing of DNA intermediates which occur during homol- 
ogous recombination (HR) is an indispensable step for the 
exchange of information between the parental chromosomes in 
meiotic cells and also ensures the genomic stability in somatic 
cells. Some pathways of HR are based on the formation of joint 
molecules like double HoUiday Junctions (dHJs) , which in eukary- 
otes can be either resolved by the endonucleolytic action of HJ 
resolvases such as MUS81 or by dHJ dissolution (Figure 1). The 
dissolution reaction is mediated by the conserved RTR complex, 
which is named after the interacting complex partners: a RecQ 
helicase, a type lA topoisomerase, and a structural protein RMIl. 
With regard to the maintenance of genome stability, the RTR com- 
plex plays a crucial role in suppression of crossover (CO) products 
in somatic cells, because the dissolution of dHJs results exclusively 
in non-crossover (NCO) products (Wu and Hickson, 2003). In 
the first step of dHJ dissolution, the branch migration activity of 
the RecQ helicase is required to push the two HJs toward each 
other, thereby generating a so-called hemicatenane intermediate. 
Subsequently, the hemicatenane is processed by the type lA topoi- 
somerase which acts as a single-stranded DNA decatenase (Yang 
etal.,2010). 

The human helicase BLM was shown to interact in the dHJ dis- 
solvasome through topoisomerase 3a (TQP3a) and two QB-fold 
containing structural proteins, RMIl and RMI2. In Saccharomyces 
cerevisiae, the RTR complex consists of the RecQ helicase Sgsl, 
Top3, and Rmil. Several mutations of the RecQ helicase gene 
BLM cause Bloom syndrome (BS), which is a hereditary disease 
and associated with a predisposition for cancer (Ellis et al., 1995). 



A characteristic phenotype of BS cells is the elevated frequency of 
sister chromatid exchanges (SCEs; Chaganti etal., 1974), which 
result from COs between the chromatid arms. In yeast, the loss of 
Sgsl also leads to an elevated recombination frequency and hyper- 
sensitivity against genotoxic agents (Onoda et al, 2000). Beside the 
catalytic activities required for the branch migration of the HJs, the 
RecQ helicase also plays a crucial role in mediating protein-protein 
interactions inside the RTR complex. 

The third conserved complex partner of the RTR complex 
RMIl, which is required for the stabilization of the complex, pos- 
sesses no catalytic function itself, but dHJ dissolution is absolutely 
dependent on it (Chang et al, 2005; Mullen et al, 2005; Yin et al, 
2005; Raynard et al., 2006; Wu et al, 2006; Bussen et al, 2007; Chen 
and BrQl, 2007). Comparable to mutants of the respective RecQ 
helicase involved in the RTR complex, the loss of RMIl also leads 
to an elevated frequency of recombination events (Chang etal., 
2005; Yin et al, 2005). RMI2 was identified as a fourth RTR com- 
plex partner in mammals and is also required for the assembly of 
the RTR complex and the stimulation of dissolution (Singh et al, 
2008; Xu et al, 2008). The RTR complex is additionally involved in 
further, early steps of recombination, such as end resection, which 
could be shown in yeast (Zhu et al., 2008). In this process, the cat- 
alytic activity of Sgsl, stimulated by Top3 and Rmil, is required to 
generate a substrate for the nucleolytic degradation of the 5' strand 
by the endonuclease Dna2 (Cejka et al., 2010; Niu et al., 2010). 

THE ROLE OF THE RTR COMPLEX IN SOMATIC PLANT CELLS 

The plant RecQ helicase RECQ4A from Arabidopsis thaliana could 
be identified as a functional counterpart of BLM and Sgsl and 
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FIGURE 1 I Dissolution of dHJs by the RTR complex in comparison 
to resolution. After the formation of a DSB and resection of the 
break ends, strand invasion into a double-stranded donor molecule 
forms a D-loop intermediate. Rejection of the invaded strand after its 
elongation and subsequent annealing to the second free break end 
enables DSB repair by SDSA without formation of COs. RECQ4A and 
its homolog in yeast, Sgsl, have been found to promote this SDSA 
pathway. Following the formation of a dHJ intermediate from the D-loop 
during HR, two pathways have been described to separate the two 
linked dsDNA molecules. In the dissolution pathway promoted by the 



RTR complex, a RecQ family DNA helicase branch migrates the two 
junctions to form a hemicatenane structure. This hemicatenane is 
processed by the type lA topoisomerase into a NCO product. The 
non-catalytic protein RMI1 interacts with the RecQ helicase and 
topoisomerase and promotes the dissolution reaction. Alternatively, the 
dHJ structure can be processed by a structure-specific endonuclease, 
also called a HJ resolvase, in the resolution pathway. Here, depending 
on the orientation of the cut axis (arrowheads), either CO or NCO 
products are possible. Other orientations of the cuts by the resolvase 
would lead to similar CO or NCO outcomes and are not shown. 



was shown to be required for RTR functions in somatic cells 
(Hartung etal, 2007a; Knoll and Puchta, 2011). The loss of 
AtRECQ4A leads to a hypersensitivity against DNA damaging 
agents and to an elevated frequency of HR events (Bagherieh- 
Najjar etal, 2005; Hartung etal., 2007a). In rice, mutants of the 
RecQ homolog OsRECQL4 also display defects after treatment 
with genotoxins and in suppression of HR. Furthermore, OsrecqU 
mutants exhibit an increased appearance of unrepaired double 
strand breaks (DSBs) and cell death (Kwon et al., 2013). In differ- 
ent organisms, the loss of both the endonuclease MUS81 and the 
RecQ helicase involved in the RTR complex leads to lethality. This 
synthetic lethality was also shown in Arabidopsis (Hartung et al., 
2006). The lethality of the mus81 recq4A double mutant can be res- 
cued by an additional mutation of the RAD51 paralog RAD51C 
(Mannuss et al., 2010), which is involved in early steps of HR. This 
supports the hypothesis that RECQ4A and MUS81 act in inde- 
pendent pathways to process toxic DNA intermediates which arise 
during HR. 

In yeast, mutants of the RTR complex partner Top3 exhibit a 
slow growth phenotype, which can be suppressed by an additional 
mutation of the interacting RecQ helicase, Sgsl (Gangloff etal., 
1994). A similar genetic interaction could be confirmed in plants, 
as the lethal phenotype of the Arabidopsis mutant top3A can be 



rescued by a RECQ4A mutation (Hartung et al., 2007a). The char- 
acteristic phenotype of the top3/top3A single mutant was explained 
by the catalytic action of the RecQ helicase, which irreversibly gen- 
erates a toxic DNA intermediate that remains unresolved in the 
absence of the topoisomerase. 

The function of the plant RecQ helicase in HR seems to be versa- 
tile. It was shown that RECQ4A is required for the efficient process- 
ing of the synthesis-dependent strand-annealing (SDSA) pathway 
of HR (Mannuss etal., 2010). Furthermore, the rice homolog 
seems to be involved in the initial step of HR, as the overexpression 
of OsRECQL4 can enhance the DSB processing function, proba- 
bly by promoting 5' resection (Kwon etal., 2012). RECQ4A seems 
to possess at least two different and independent sub-functions 
required for the suppression of HR, which are dependent on the N- 
terminal region and the helicase activity of RECQ4A, respectively. 
It could also be shown in vitro that RECQ4A has an ATP- 
dependent helicase activity and it is able to catalyze fork regression 
(Schropfer etal, 2013). 

Arabidopsis thaliana contains a paralog of RECQ4A named 
RECQ4B. Despite a high sequence similarity and conserved 
domain structure of the two proteins, mutants of RECQ4B display 
no somatic DNA repair deficiency, have a somatic HR frequency 
lower than WT and no meiotic defects (Hartung et al, 2007a). 
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The two protein partners of RECQ4A in the RTR complex, 
TOP3a and RMIl, share many somatic functions with the heli- 
case. Like in recq4A plants, in top3A and rmil mutants, elevated 
sensitivity against treatment with the methylating agent methyl 
methanesulfonate (MMS) and the DNA crosslinking agent cis- 
platin can be found. In addition, loss of TOP3a or RMIl 
leads to an increase in the spontaneous HR frequency to a 
similar level of recq4A plants. In addition, top3A-2 mutants 
show dwarfing, curled leaves, fasciated organs, and are ster- 
ile. Investigating cell division in this mutant line showed a 
strong increase in the number of mitotic anaphase defects 
(Hartung etal, 2008). 

Investigations on the role of the protein domains identified in 
RMIl showed a surprising diversity of functions. Three different 
domains could be identified in animal and plant RMIl homologs 
to date. The first OB-fold domain (OBI) is necessary in animals 
for the interaction of RMIl with the RecQ helicase and topoiso- 
merase (Yin etal., 2005; Raynard etal, 2008). N-terminal to the 
OBI domain is a domain of unknown function 1767 (DUF1767), 
which can be found in a number of proteins N-terminal of pro- 
posed nucleic acid binding domains such as the OB-fold domain 
(Bonnet etal, 2013). At the RMIl C-terminus a second OB-fold 
domain (OB2) is localized which has been shown to be necessary 
for the interaction of animal RMIl and RMI2 (Xu etal, 2008). 
Interestingly, both the DUF1767 and the OBI domain are essential 
for the DNA repair functions of RMIl, while there is only a weak 
requirement for the OB2 domain in DNA repair. Furthermore, 
the deletion of the OB2 domain does not affect RMI functions in 
somatic HR, whereas the DUF1767 and OBI domains are both 
partially and non-redundantly required for the HR suppression 
function of RMIl (Bonnet etal, 2013). 

THE UNIQUE ROLE OF RMIl AND TOPSa IN PLANT MEIOSIS 

In addition to the functions of the Arabidopsis RTR complex in 
somatic cells, two of its components - TOP3a and RMIl (here- 
after abbreviated as TR proteins) - are also essential for meiotic 
recombination. Of the two top3A mutant lines described so far, the 
hypomorphic top3A-2 mutant produces sterile flowers in addition 
to the above described somatic defects (Hartung etal., 2008). In 
two independent studies, also mutants of Arabidopsis RMIl were 
shown to be defective in meiosis (Chelysheva et al., 2008; Hartung 
etal, 2008). 

Investigation of meiosis progression of TR mutants showed 
remarkable defects: following wild type-like prophase I with 
formation of synapsis between homologous chromosomes and 
arrangement of bivalents at the cell equator at metaphase I, the 
loss of TR proteins becomes visible at anaphase I. While in wild 
type cells bivalents are separated and the homologous chromo- 
somes are pulled toward opposite cell poles, in TR mutant cells the 
separated chromosomes stay connected by chromatin bridges and 
a large amount of broken chromatin fragments are found near the 
equator (Chelysheva et al, 2008; Hartung et al., 2008). Additional 
mutation of earlier meiotic genes SPOll-1, SPOll-2, and RAD51 
(Grelon etal., 2001; Li etal., 2004; Stacey etal, 2006; Hartung 
etal, 2007b) in top3A and rmil mutants, respectively, showed 
the dependence of TR mutant phenotypes on meiotic recombi- 
nation initiation. The DMCl recombinase is a RAD51 paralog 



specific for meiotic recombination. Arabidopsis dmcl mutants 
differ from radSl mutants, though. Instead of severe chromo- 
some fragmentation visible in radSl plants, dmcl mutants have 
univalent chromosomes because they are not able to initiate HR 
between homologous chromosomes, but the already formed DSBs 
are repaired using the sister chromatid in a RAD51 -dependent 
manner (Couteau etal., 1999). Interestingly, while RAD51 muta- 
tion could rescue the rmil phenotype, this was not possible by 
a DMCl mutation. The rmil dmcl double mutant has univalent 
chromosomes that still show chromatin bridges and chromosome 
fragmentation in anaphase I. This is a hint that RMIl (and pre- 
sumably TOP3a) function might be required in recombination 
reactions involving both the homologous chromosome as well as 
the sister chromatid. 

Since meiotic recombination is tightly coupled with synapsis 
of the homologous chromosomes in meiotic prophase I, the effect 
of a RMIl mutation on synapsis was analyzed. Investigation of 
the axial element of the synaptonemal complex protein ASYl as 
well as the central element protein ZYPl by immunolocalization 
revealed no changes in synapsis in rmil meiocytes (Chelysheva 
etal., 2008). This again indicates that meiotic recombination is 
initiated normally when TR proteins are missing. 

Following such severe damage at anaphase I, top3A, and 
rmil cells finish meiosis I through the formation of dyads, but 
they never enter meiosis II. No cell in stage of meiosis II was 
ever found in top3A or rmil mutants (Chelysheva etal., 2008; 
Hartung etal., 2008). Such a phenotype was very unexpected, 
since only very few Arabidopsis mutants with meiotic phenotypes 
have been described that do not finish meiosis irrespective of the 
damage to their DNA. It is therefore tempting to speculate if 
the arrest in TR mutants might involve a cell cycle checkpoint 
mechanism, especially since another mutant showing a meio- 
sis I arrest is a cyclin Al;2 mutant, tam (Bulankova etal., 2010; 
d'Erfiirth etal, 2010). 

Similar to studies on the role of specific domains in RMIl 
in DNA repair and HR in somatic cells, the functions of RMIl 
domains was also analyzed in meiosis. While rmil-1 mutant plants 
are sterile, expression of wild type RMIl in this mutant back- 
ground could restore fertility to wild type levels. On the other 
hand, plants expressing a RMIl construct missing the DUF1767, 
the OBI or both domains remained infertile. Interestingly, plants 
expressing a RMIl construct without the OB2 domain, which in 
animals is necessary for the interaction with RMI2, were as fertile 
as wild type. Similar to these observations, analysis of prepared 
meiocytes from these different lines revealed that plants express- 
ing the wild type RMIl or the RMI1AOB2 construct in a rmil 
background had a normal progression through meiosis I without 
chromosome fragmentation and also finished meiosis II normally, 
while plants missing the DUF1767, the OBI or both domains 
showed meiotic defects similar to the rmil mutant (Bonnet etal., 
2013). 

In light of previous studies from other eukaryotes, the severe 
meiotic phenotype of the TR mutants in Arabidopsis was extremely 
surprising. As these kinds of mutations have not been studied in 
other plants yet, it is not clear how conserved the phenotype is, but 
it is tempting to speculate that this is a general property at least of 
vascular plants. On the other side, although multiple investigations 
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of the RTR complex have been performed in various eukaryotes, 
a similar phenotype was not described in literature for any other 
organism yet. This indicates that the process is either specific for 
plants or has at least a much more prominent role there than in 
other eukaryotes. 

WHAT KINDS OF INTERMEDIATES ARE DISSOLVED IN 
MEIOSIS? 

Double mutant analysis of TR mutants with other meiotic mutants 
indicates that the defect results from imperfect dissolution of 
recombination intermediates (see above). Taking the classical role 
of the RTR complex into account, the dissolved intermediates 
might be dHJs. However, as the recq4A mutant of Arabidopsis 
has only a mild telomeric meiotic defect (Higgins etal, 2011), a 
phenotype which is not related to the two other TR mutants, the 
classical RTR complex of Arabidopsis does not seem to be involved 
in the reaction. So either there is one or several alternative helicases 
that are able to transform a dHJ intermediate into a hemicatenane 
in place of RECQ4A, or for the processing of the intermediates no 
helicase is required at all. It is possible, for example, that mechan- 
ical forces operating during metaphase I and anaphase I to pull 
homologous chromosomes apart, are sufficient to facilitate branch 
migration of H Js without the action of a DNA helicase. This would 
indirectly lead to the formation of hemicatenane structure which 
can be processed by the TR proteins. Alternatively, the classical 
dHJ structure, which is also an intermediate of CO resolution in 
meiosis, might not be the structure the TR proteins are working on 
in Arabidopsis. Recent reports indicate that hemicatenanes can be 
dissolved without assistance of a helicase by type lA DNA topoi- 
somerases (Glineburg etal, 2013; Lee etal., 2013). So the most 
probable explanation is that the meiotic intermediate processed 
by the TR proteins is still a hemicatenane, but it might not be 
formed by branch migration of dHJs. In support of this idea it 
was shown that although rmil mutants form bivalents connect- 
ing the homologous chromosomes in meiosis I, these bivalents are 
also formed in the absence of ZMM pathway proteins MSH5 and 
MER3 that are thought to be required for the formation of COs 
via dHJs (Chelysheva etal., 2008). Therefore, bivalents formed 
in rmil plants might not connect homologous chromosomes by 
dHJs at all, but by some other form of complex joint molecules. 
Since the meiotic TR mutant phenotype is dependent on meiotic 
recombination initiation, it is improbable that hemicatenanes are 
processed that were generated at replication forks in premeiotic 
S-phase. 

THE NATURE OF GENE CONVERSIONS - ANOTHER 
SURPRISING PECULIARITY OF PLANT MEIOTIC 
RECOMBINATION 

Meiotic recombination is induced by DSBs and the resulting inter- 
mediates between homologous chromosomes can be resolved into 
either COs or NCOs. By applying complete genome sequenc- 
ing techniques, the number of COs and NCOs during a single 
meiosis can be determined. Whereas in S. cerevisiae there is a 
relation of about one CO to NCO, in mammals the number 
of NCOs outweighs the number of COs [reviewed in de Massy 
(2013)]. In both organisms these numbers can be set into relation 



with the total number of DSBs induced per meiosis. Interest- 
ingly, most studies performed in Arabidopsis reveal a different 
picture. It is generally accepted that about 150 to 200 DSBs occur 
during meiosis and about 10 COs arise (Chelysheva etal., 2007; 
Sanchez-Moran etal., 2007; Vignard etal, 2007). It was there- 
fore obvious to postulate that the repair of most DSBs results in 
NCOs. Surprisingly, in several independent studies using single 
nucleotide polymorphisms (SNPs) between different Arabidopsis 
cultivars as markers, sequence analysis of meiotic recombinants 
revealed hardly any NCO events whereas the number of COs were 
in the expected range (Lu etal., 2012; Salome etal., 2012; Choi 
etal, 2013; Drouaud etal, 2013; Wijnker etal, 2013). If NCO 
GC tracts would have sizes in the range of NCO events in either 
yeast or mammals, the studies should have revealed NCO num- 
bers in the range of DSBs induced in meiosis. As this was not the 
case, there are two possible scenarios to explain the data: either 
the mean conversion tract length in Arabidopsis is so short that 
using SNPs for detection, most events have been missed, or that 
most DSBs are not repaired using the homologous chromosome as 
recombination partner, but the sister chromatid. Indeed recombi- 
nation between sister chromatids has been documented in meiosis 
in yeast (Goldfarb and Lichten, 2010) and Arabidopsis (Cifuentes 
etal, 2013). 

TWO SPECIFIC PECULIARITIES - TWO SIDES OF THE SAME 
COIN? 

It is tempting to speculate that the NCO peculiarities in Arabidop- 
sis are somehow linked to the presence of a unique TR dissolution 
pathway in meiotic recombination. Due to the severe phenotype 
of the mutants, TR-mediated dissolution seems to be required 
for the processing of intermediates resulting from large portions 
or even the majority of the DSBs induced in meiosis. In princi- 
ple, such a kind of intermediate could result from recombination 
between sister chromatids. As in somatic cells the functional RTR 
complex is involved in suppression of SCEs in various organisms, 
a related mechanism might operate as backup repair mecha- 
nism during meiotic recombination in plants. Alternatively, RTR 
complex-mediated activity might produce recombination prod- 
ucts of homologous chromosomes where the tract length of the 
information transferred from one parental chromosome to the 
other is quite short. Longer tracts would then be observed if 
dHJ are resolved by an endonuclease or if a NCO is produced 
by a SDSA mechanism. Thus, the reason why most GCs are not 
detectable with the classical SNP technology applied in current 
studies in Arabidopsis might be the meiosis-specific activity of the 
TR proteins. 

ACKNOWLEDGMENTS 

Work on meiotic recombination in our group is funded by the 
Deutsche Forschungsgemeinschaft (DEC) and by the European 
Research Council (ERC). 

REFERENCES 

Bagherieh-Najjar, M. B., De Vries, O. M., Hille, J., and Dijkwel, P. P. (2005). Ara- 
bidopsis RecQI4A suppresses homologous recombination and modulates DNA 
damage responses. Plant J. 43, 789-798. doi: 10.1111/j.l365-313X.2005.02501.x 

Bonnet, S., Knoll, A., Hartung, E, and Puchta, H. (2013). Different functions 
for the domains of the Arabidopsis thaliana RMIl protein in DNA cross-Hnk 



Frontiers in Plant Science | Plant Genetics and Genomics 



February 2014 | Volume 5 | Article 33 | 4 



Knoll eta 



RTR complex in iiieiotic recombination 



repair, somatic and meiotic recombination. Nucl. Acids Res. 41, 9349-9360. doi: 
10.1093/nar/glrt730 

Bulankova, P., Rielis-Kearnan, N., Nowack, M. K., Sclinittger, A., and Riha, K. 
(2010). Meiotic progression in Arahidopsis is governed by complex regulatory 
interactions between SMG7, TDMl, and the meiosis I-specific cyclin TAM. Plant 
Cell 22, 3791-3803. doi: 10.1105/tpc.ll0.078378 

Bussen, W., Raynard, S., Busygina, V., Singh, A. K., and Sung, P. (2007). HoUiday 
junction processing activity of the BLM-Topolllalpha -BLAP75 complex. /. Biol. 
Chem. 282, 31484-31492. doi: 10.1074/jbc.M7061 16200 

Cejka, P., Cannavo, E., Polaczek, P., Masuda-Sasa, T., Pokharel, S., Campbell, J. L., 
etal. (2010). DNAend resection by Dna2-Sgsl-RPA and its stimulation by Top3- 
Rmil andMrell-Rad50-Xrs2. Nature 467, 112-116. doi: 10.1038/nature09355 

Chaganti, R. S., Schonberg, S., and German, J. (1974). A manyfold increase in sister 
chromatid exchanges in bloom's syndrome lymphocytes. Proc. Natl. Acad. Sci. 
U.S.A. 71, 4508^512. doi: 10.1073/pnas.71.11.4508 

Chang, M., Bellaoui, M., Zhang, C, Desai, R., Morozov, P., Delgado-Cruzata, 
L., etal. (2005). RMI1/NCE4, a suppressor of genome instability, encodes a 
member of the RecQ helicase/Topo III complex. EMBO J. 24, 2024-2033. doi: 
10.1038/sj.emboi.7600684 

Chelysheva, L., Gendrot, G., Vezon, D., Doutriaux, M. P., iVIercier, R., and 
Grelon, M. (2007). Zip4/Spo22 is required for class I CO formation but 
not for synapsis completion in Arahidopsis thaliana. PLoS Genet. 3:e83. doi: 
10.1371/journal.pgen.0030083 

Chelysheva, L., Vezon, D., Belcram, K., Gendrot, G., and Grelon, M. (2008). The 
Arahidopsis BLAP75/Rmil homologue plays crucial roles in meiotic double- 
strand break repair. PLoS Genet. 4:el000309. doi: 10.1371/journal.pgen. 
1000309 

Chen, C. E, and Brill, S. J. (2007). Binding and activation of DNA topoi- 
somerase 111 by the Rmil subunit. /. Biol. Chem. 282, 28971-28979. doi: 
10.1074/jbc.M705427200 

Choi, K., Zhao, X., Kelly, K. A., Venn, O., Higgins, J. D., Yelina, N. E., etal. (2013). 
Arahidopsis meiotic crossover hot spots overlap with H2A.Z nucleosomes at gene 
promoters. Nat. Genet. 45, 1327-1336. doi: 10.1038/ng.2766 

Cifuentes, M., Rivard, M., Pereira, L., Chelysheva, L., and Mercier, R. (2013). 
Haploid meiosis in Arahidopsis: double-strand breaks are formed and repaired 
but without synapsis and crossovers. PLoS ONE 8:e72431. doi: 10.1371/jour- 
nal.pone.0072431 

Couteau, P., Belzile, P., Horlow, C, Grandjean, O., Vezon, D., and Doutriaux, M. P. 
(1999). Random chromosome segregation without meiotic arrest in both male 
and female meiocytes of a dmcl mutant of Arahidopsis. Plant Cell 11, 1623-1634. 
doi: 10.?1105/?tpc.?ll.?9.?1623 

de Massy, B. (2013). Initiation of meiotic recombination: How and where? Conser- 
vation and specificities among eukaryotes. Anna. Rev. Genet. 47, 563-599. doi: 
10.1 146/annurev-genet-11071 1-155423 

d'Erfurth, I., Cromer, L., Jolivet, S., Girard, C, Horlow, C, Sun, Y., etal. (2010). The 
cyclin-A CYCA1;2/TAM is required for the meiosis 1 to meiosis 11 transition and 
cooperates with OSDl for the prophase to first meiotic division transition. PLoS 
Genet 6:el000989. doi: 10.1371/journal.pgen. 1000989 

Drouaud, J., Khademian, H., Giraut, L., Zanni, V, Bellalou, S., Henderson, I. 
R., etal. (2013). Contrasted patterns of crossover and non-crossover at Ara- 
hidopsis thaliana meiotic recombination hotspots. PIoS Genet 9:el003922. doi: 
10. 1371/journal.pgen. 1003922 

Ellis, N. A., Groden, J., Ye, T. Z., Straughen, J., Lennon, D. J., Ciocci, S., et al. (1995). 
The bloom's syndrome gene product is homologous to RecQ helicases. Cell 83, 
655-666. doi: 10.1016/0092-8674(95)90105-1 

Gangloff, S., Mcdonald, J. R, Bendken, C, Arthur, L., and Rothstein, R. (1994). The 
yeast type I topoisomerase Top3 interacts with Sgsl, a DNA helicase homolog: a 
potential eiJtaryotic reverse gyrase. Mol. Cell. Biol. 14, 8391-8398. 

Glineburg, M. R., Chavez, A., Agrawal, V., Brill, S. J., and Johnson, F. B. 
(2013). Resolution by unassisted top3 points to template switch recombination 
intermediates during DNA replication. /. Biol. Chem. 288, 33193—33204. doi: 
10.1074/jbc.Ml 13.496133 

Goldfarb, T, and Lichten, M. (2010). Frequent and efficient use of the sister chro- 
matid for DNA double-strand break repair during budding yeast meiosis. PLoS 
Biol. 8:el000520. doi: 10.1371/journal.pbio.l000520 

Grelon, M., Vezon, D., Gendrot, G., and Pelletier, G. (2001). AtSPOll-1 is nec- 
essary for efficient meiotic recombination in plants. EMBO J. 20, 589-600. doi: 
10.1093/emboj/20.3.589 



Hartung, P., Suer, S., Bergmann, T., and Puchta, H. (2006). The role of AtMUS81 in 
DNA repair and its genetic interaction with the hehcase AtRecQ4A. Nucleic Acids 
Res. 34,4438^448. doi: 10.1093/nar/gkl576 

Hartung, E, Suer, S., Knoll, A., Wurz-Wildersinn, R., and Puchta, H. (2008). Topoi- 
somerase 3alpha and RMIl suppress somatic crossovers and are essential for 
resolution of meiotic recombination intermediates in Arahidopsis thaliana. PLoS 
Genet. 4:el000285. doi: 10.1371/journal.pgen.l000285 

Hartung, F., Suer, S., and Puchta, H. (2007a). Two closely related RecQ heli- 
cases have antagonistic roles in homologous recombination and DNA repair 
in Arahidopsis thaliana. Proc. Natl. Acad. Sci. U.S.A 104, 18836-18841. doi: 
10.1073/pnas.0705998104 

Hartung, E, Wurz-Wildersinn, R., Euchs, J., Schubert, 1., Suer, S., and Puchta, H. 
(2007b). The catalytically active tyrosine residues of both SPQU-l and SPOll-2 
are required for meiotic double-strand break induction in Arahidopsis. Plant Cell 
19, 3090-3099. doi: 10.1105/tpc.l07.054817 

Higgins, J. D., Ferdous, M., Osman, K., and Franklin, F. C. (201 1). The RecQ helicase 
AtRECQ4A is required to remove inter-chromosomal telomeric connections that 
arise during meiotic recombination in Arahidopsis. Plant J. 65, 492-502. doi: 
10.111 1/j. 1365-3 13X.20 10.04438.x 

Knoll, A., and Puchta, H. (2011). The role of DNA heUcases and their interaction 
partners in genome stabiUty and meiotic recombination in plants. /. Exp. Bot. 62, 
1565-1579. doi: 10.1093/jxb/erq357 

Kwon, Y. 1., Abe, K., Endo, M., Osakabe, K., Ohtsuki, N., Nishizawa-Yokoi, A., et al. 
(2013). DNA replication arrest leads to enhanced homologous recombination 
and cell death in meristems of rice QsRecQ14 mutants. BMC Plant Biol. 13:62. 
doi: 10.1186/1471-2229-13-62. 

Kwon, Y. I., Abe, K., Osakabe, K., Endo, M., Nishizawa-Yokoi, A., Saika, H., etal. 
(2012). Overexpression of OsRecQ14 and/or OsExol enhances DSB-induced 
homologous recombination in rice. Plant Cell Physiol. 53, 2142—2152. doi: 
10.1093/pcp/pcsl55 

Lee, S. H., Siaw, G. E., Willcox, S., Griffith, J. D., and Hsieh, T. S. (2013). Synthesis 
and dissolution of hemicatenanes by type lA DNA topoisomerases. Proc. Natl. 
Acad. Sci U.S.A. 110, E3587-E3594. doi: 10.1073/pnas.l304103110 

Li, W., Chen, C, Markmann-Mulisch, U., Timofejeva, L., Schmelzer, E., Ma, H., et al. 
(2004). The Arahidopsis AtRADS 1 gene is dispensable for vegetative development 
but required for meiosis. Proc. Natl. Acad. Sci. U.S.A. 101, 10596-10601. doi: 
10.1073/pnas.0404110101 

Lu, R, Han, X., Qi, J., Yang, J., Wijeratne, A. J., Li, T., etal. (2012). Analysis of 
Arahidopsis genome-wide variations before and after meiosis and meiotic recom- 
bination by resequencing Landsberg erecta and all four products of a single 
meiosis. GenomeRes. 22, 508-518. doi: lO.llOl/gr.127522.111 

Mannuss, A., Dukowic-Schulze, S., Suer, S., Hartung, E., Pacher, M., and Puchta, 
H. (2010). RAD5A, RECQ4A, and MUS81 have specific functions in homolo- 
gous recombination and define different pathways of DNA repair in Arahidopsis 
thaliana. P/ant Cd/ 22, 3318-3330. doi: 10.1105/tpc.ll0.078568. 

Mullen, J. R., Nallaseth, E S., Lan, Y. Q., Slagle, C. E., and Brill, S. J. (2005). Yeast 
Rmil/Nce4 controls genome stability as a subunit of the Sgs 1 -Top3 complex. Mol. 
Cell. Biol. 25, 4476-4487. doi: 10.1128/MCB.25.11.4476-4487.2005 

Niu, H., Chung, W. H., Zhu, Z., Kwon, Y, Zhao, W., Chi, P, etal. (2010). Mecha- 
nism of the ATP-dependent DNA end-resection machinery from Saccharomyces 
cerevisiae. Nature 467, 108-111. doi: 10.1038/nature09318 

Onoda, P., Seki, M., Miyajima, A., and Enomoto, T. (2000). Elevation of sister chro- 
matid exchange in Saccharomyces cerevisiae sgsl disruptants and the relevance 
of the disruptants as a system to evaluate mutations in Bloom's syndrome gene. 
Mutat. Res. 459, 203-209. doi: 10.1016/80921-8777(99)00071-3 

Raynard, S., Bussen, W., and Sung, P. (2006). A double HoUiday junction dissolva- 
some comprising BLM, topoisomerase Illalpha, and BLAP75. /. Biol. Chem. 281, 
13861-13864. doi: 10.1074/jbc.C600051200 

Raynard, S., Zhao, W., Bussen, W., Lu, L., Ding, Y. Y., Busygina, V., 
etal. (2008). Functional role of BLAP75 in BLM-topoisomerase Illalpha- 
dependent holliday junction processing. /. Biol. Chem. 283, 15701-15708. doi: 
10.1074/jbc.M802127200 

Salome, P. A., Bomblies, K., Eitz, J., Laitinen, R. A., Warthmann, N., Yant, L., etal. 
(2012). The recombination landscape in Arahidopsis thaliana E2 populations. 
Heredity (Edinb) 108, 447-455. doi: 10.1038/hdy2011.95 

Sanchez-Moran, E., Santos, J. L., Jones, G. H., and Franklin, E C. (2007). ASYl 
mediates AtDMCl -dependent interhomolog recombination during meiosis in 
Arahidopsis. GenesDev 21, 2220-2233. doi: 10.1101/gad.439007 



www.frontiersin.org 



February 2014 | Volume 5 | Article 33 | 5 



Knoll eta 



RTR complex in iiieiotic recombination 



Schropfer, S., Kobbe, D., Hartung, P., Knoll, A., and Puchta, H. (2013).Defining 
the roles of the N-terminal region and the helicase activity of RECQ4A in DNA 
repair and homologous recombination in Arabidopsis. Nucleic Acids Res. doi; 
10.1093/nar/gktl004 

Singh, T. R., Ali, A. M., Busygina, V., Raynard, S., Fan, Q., Du, C. H., etal. (2008). 
BLAP18/RMI2, a novel OB-foId-containing protein, is an essential component 
of the Bloom helicase-double HoUiday junction dissolvasome. Genes Dev. 22, 
2856-2868. doi: 10.1101/gad.l725108 

Stacey N. J., Kuromori, T., Azumi, Y., Roberts, G., Breuer, C, Wada, T., et al. (2006). 
Arabidopsis SPOl 1-2 functions with SPOl l-I in meiotic recombination. Plant J. 
48, 206-2 16. doi: 10. 1 1 1 1/j. 1365-3 13X.2006.02867.X 

Vignard, J., Siwiec, T., Chelysheva, L., Vrielynck, N., Gonord, R, Armstrong, S. 
J., etal. (2007). The interplay of RecA-related proteins and the MND1-HOP2 
complex during meiosis in Arabidopsis thaliana. PLoS Genet. 3, 1894-1906. doi: 
10.1371/journal.pgen.0030176 

Wijnker, E., James, G. V., Ding, J., Becker, R, Klasen, J. R., Rawat, V., etal. (2013). 
The genomic landscape of meiotic crossovers and gene conversions in Arabidopsis 
thaliana. eLife 2:eOU26. doi: 10.7554/eLife.01426 

Wu, L., Bachrati, C. Z., Ou, J., Xu, C, Yin, J., Chang, M., etal. (2006). 
BLAP75/RMI1 promotes the BLM-dependent dissolution of homologous recom- 
bination intermediates. Proc. Natl. Acad. Sci. U.S.A. 103, 4068^073. doi: 
10.1073/pnas.0508295103 

Wu, L., and Hickson, I. D. (2003). The Bloom's syndrome helicase suppresses 
crossing over during homologous recombination. Nature 426, 870-874. doi: 
10.1038/nature02253 

Xu, D., Guo, R., Sobeck, A., Bachrati, C. Z., Yang, J., Enomoto, T, etal. (2008). 
RMI, a new OB-fold complex essential for Bloom syndrome protein to maintain 
genome stability Genes Dev. 22, 2843-2855. doi: 10.1 lOl/gad.1708608 



Yang, J., Bachrati, C. Z., Ou, J., Hickson, I. D., and Brown, G. W. (2010). Human 
topoisomerase Illalpha is a single-stranded DNA decatenase that is stimidated by 
BLM and RMIl. /. Biol Chem. 285, 21426-21436. doi: 10.1074/jbc.Ml 10.123216 

Yin, J., Sobeck, A., Xu, C., Meetei, A. R., HoatUn, M., Li, L., etal. (2005). 
BLAP75, an essential component of Bloom's syndrome protein complexes that 
maintain genome integrity. EMBO J. 24, 1465-1476. doi: 10.1038/sj.emboj. 
7600622 

Zhu, Z., Chung, W. H., Shim, E. Y, Lee, S. E., and Ira, G. (2008). Sgsl helicase and 
two nucleases Dna2 and fixol resect DNA double-strand break ends. Cell 134, 
981-994. doi: 10.1016/j.cell.2008.08.037 

Conflict of Interest Statement: The authors declare that the research was conducted 
in the absence of any commercial or financial relationships that could be construed 
as a potential conflict of interest. 

Received: 16 December 2013; paper pending published: 13 January 2014; accepted: 25 
January 2014; published online: 12 February 2014. 

Citation: Knoll A, Schropfer S and Puchta H (2014) The RTR complex as caretaker of 
genome stability and its unique meiotic function in plants. Front. Plant Sci. 5:33. doi: 
10.3389/fpls.2014.00033 

This article was submitted to Plant Genetics and Genomics, a section of the journal 

Frontiers in Plant Science. 

Copyright 'V> 2014 Knoll, Schropfer and PucJita. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, dis- 
tribution or reproduction in other forums is permitted, provided the original author(s) 
or licensor are credited and that the original publication in this journal is cited, in 
accordance with accepted academic practice. No use, distribution or reproduction is 
permitted which does not comply with these terms. 



Frontiers in Plant Science | Plant Genetics and Genomics 



February 2014 | Volume 5 | Article 33 | 6 



